In order to determine whether there is a general difference in the splicing mechanism of animal and plant pre-mRNAs, we cloned part of the gene for the small subunit of the rlbulose 1,5-biaphosphate carboxylase containing both introns into the SP64 vector. RNA was synthesized with SP6 polymerase and used as substrate for iji vitro processing in a HeLa cell nuclear splicing extract. Analyses of the processed RNA demonstrate that both introns of the plant pre-mRNA are efficiently removed in an ordered fashion yielding a faithfully ligated mRNA. Two branch points were identified for intron A and three for intron B. The branched nucleotides are adenosine residues in all cases and are located within a distance from the 3 1 splice site found to be crucial for lariat formation in animal pre-mRNAs.
INTRODUCTION
Extensive processing of primary transcripts in the nucleus of eucaryotic cells is required to generate functional mRNAs. It is of interest to know whether there is a general difference in the splicing machinery of animals and plants. Such a comparison should provide insight into the basic mechanisms of RNA processing and may also have practical importance for gene transfer between different eucaryotes.
Most of the information concerning the removal of introns has come from studies on model genes in ir\ vitro processing systems. Viral RNAs and some mammalian pre-mRNAs have been shown to be properly spliced in a HeLa cell nuclear extract (2, 3, 4) , whereas yeast mRNAs containing introns have been processed in a homologous whole cell extract (5) . In both cases it became apparent that the splicing pathway could be divided into two stages (6, 7, 8) . In the first stage, the pre-mRNA is cleaved at the 5' splice site of the intron generating the first exon and a species composed of the intron (IVS) and the second exon (IVSexon2 RNA species). This intermediate is present in a lariat form. The lariat is formed via a 2'-5'phosphodiester bond which joins the 5 Although recent advances in the biochemistry of the splicing reactions have been made (for reviews see 9,10), the mechanism of accurate splice site selection is still not understood nor have the requisite factors been identified. The structural requirements seem to be confined to two consensus sequences in pre-mRNAs of higher eucaryotes and three for premRNAs from yeast. All pre-mRNAs contain conserved sequences at the 5' and 3 1 intron boundaries including the invariant GU/AG dinucleotides (11, 12) . In yeast an internal invariant UACUAAC sequence at the branch site located 20 to 60 nucleotides upstream the 3' splice site has been identified and shown to be necessary for lariat formation (11, 13, 14) , however no such conserved sequences have been found in introns of the animal kingdom (15, 16, 17, 18) . In yeast, pre-mRNAs form the RNA branch to the third adenosine of the UACUAAC sequence (8) . However, yeast pre-mRNAs incubated in a HeLa cell extract select an alternative branch point outsite this conserved sequence (19) .
Plant genes contain consensus sequences at the intron boundaries that are very similar to animal gene sequences, but their relevance for processing of plant pre-mRNAs has not been determined (20) . Gene transfer techniques into plant cells now provide a means for studying the requirements for RNA processing in plants. The current gene transfer experiments between different plant species have indicated that plant splicing signals are conserved among at least some plant species (21) . However, the intron of a phaseolin gene (french bean) was not excised when this gene was introduced into yeast (21) , possibly due to the lack of the conserved UACUAAC branch point sequence of yeast pre-mRNAs. It is therefore of considerable interest to elucidate whether there are differences in the splicing mechanism between animals and plants.
Recently, we have introduced the human growth hormone gene (hGH) into plant cells and showed that the processing signals of the hGH pre-mRNA were not recognized by the plant splicing machinery (1) . Further, we demonstrated that this hGH pre-mRNA isolated from plants was capable of being spliced since it could be correctly processed in a HeLa cell nuclear extract. This observation raised several questions concerning the differences in RNA processing between animals and plants and prompted us to investigate this problem more thoroughly. Our results show that the pre-mRNA from the small subunlt of the ribulose 1,5-bisphosphate carboxylase (rbcS) of pea containing two introns can be faithfully spliced in an mammalian nuclear extract.
MATERIALS AND METHODS Enzymes and chemicals
Restriction endonucleases, T4 DNA ligase, alkaline phosphatase, polynucleotide kinase and SP6 polymerase were purchased either from New England Biolabs (Frankfurt, FRG) or from Bohringer Mannheim (FRG); reverse transcriptase was provided by J.Beard (Life Sciences, St. Petersburg, FL); S1 nuclease was from Sigma; human placental ribonuclease inhibitor and radiolabelled chemicals were from Amersham International; ribonucloside triphosphates and GpppG were from PL Biochemicals; all enzymes were used as suggested by the suppliers. Plasmids and cloning techniques For small and large scale preparations of bacterial plasmids, the procedures of Birnboim and Doly (22) were used. All other techniques used for the construction of the plasmids were essentially carried out as described by Maniatis et al. (23) . Preparation of pre-mRNA SP6 transcriptions were performed essentially as described (24) , except that the GTP concentration was lowered to 50 \iM and 875 uM GpppG was added to generate capped transcripts (25) .
Radiolabelled transcript were sythesized with 50 uCi eL -32 P UTP (880 Ci/mM) in 20 |il reaction mixture at a total UTP concentration of 90 pM. In vitro splicing assay Nuclear extracts of HeLa S3 (Ohio) cells were prepared essentially as described (26) with minor modifications (Hartmuth and Barta, in preparation). S100 extracts used in the debranching reactions were prepared as described (26) except that the cytoplasm was concentrated after the high spin centrifugation step by precipitation with 0.51 g/ml ammonium sulfate and subsequently dialysed against Dignam's buffer D. The splicing reaction mixture contained 60% extract in Dignam's buffer D (26), 2.4 mM MgCl, 20 mM creatine phosphate, 1.5 mM ATP and 10-200 fmoles of RNA in a total volume of 15 ul. Scale up reactions were performed in 200 ul with all theRNA from a 20 ul SP6 transcription reaction. Splicing reactions were stopped by freezing. RNA was isolated from the reaction mixture after a 40 to 60 minutes incubation with 0.6 mg/ml proteinase K (4) in 50 ul by phenol/chloroform extraction and precipitation with ethanol. Debranching reactions were performed essentially as described (31) . Analysis of RNA Processed radiolabelled RNA was analysed on 6% or 8% polyacrylamide/8M urea gels (27) . The fragments used for S1 nuclease mapping and primed reverse transcription were 5' end labelled with polynucleotide kinase (28) . DNA-RNA hybridization were performed according to Ghosh e_t al. (28) in 25 ul for 3 hours (primer annealing) or 12-14 hours (S1 mapping). Reverse transcription was at 50 mM KC1, 50 mM Tris/HCl pH 8.8, 8 mM HgCl, 10 mM dithlotreitol, 500 uM dNTPs and 400 U/ml reverse transcriptase; for dideoxynuclotide sequences 50 uM-of the appropiate dldeoxynucleotide was included in the reaction. Reactions were initiated by incubation at 37°C for 10 minutes and allowed to go to completion at 46°C for 2 to 4 hours. RNA was destroyed by alkaline hydrolysis at 96°C for 10 minutes and the cDNAs were recovered by precipitation with ethanol and analysed on 6% polyacrylamide gels. cDNAs which were chemical sequenced (27) were eluted from a preparative 8% polyacrylamide/8M urea gel and purified by binding to DE52 cellulose (Whatman) and subsequent elution with 60% fonnamide, 1M ammonium acetate, 10 mM TRis/HCl pH 7.5, 1 mM EDTA at 65°C (6) .
RESULTS
The mature protein of the small subunit of ribulose 1,5-bisphosphate carboxylase (rbcS) is part of an important enzyme complex in chloroplasts but is encoded in the nucleus. The gene contains two small A,T-rich introns which possess the 5' and 3 1 splice site consensus sequences known to be important for correct splicing (29, 30) . To provide a suitable experimental system to examine whether plant processing signals would be recognized in a mammalian ija vitro splicing system, we cloned a 585 bp HindiII restriction fragment containing both introns and 69 bp of exon3 of the rbcS gene into the SP64 vector (Pig.1 ). The recombinant plasmid was linearized with EcoRI and used as a template for SP6 polymerase generating, a 632 nucleotide RNA. This pre-mRNA was incubated in a HeLa cell nuclear extract capable of processing mammalian pre-mRNAs.
Initial experiments were carried out with non-radiolabelled RNA. After various times, processed RNA was isolated and hybridized to a 5 1 32 P-labelled 585 bp Hindi! DNA fragment from the rbcS gene. The RNA-DNA hybrids were digested with S1 nuclease and the DNA fragments separated on a denaturing -585 Figure 2 . S1 mapping of in vitro processed rbcS pre-mRNA. Control: The 5'-labelled 584 bp fragment was hybridized to tRNA; M:
32 P-labelled Mspl restriction fragments of pBR322. ll polyacrylamide gel (Fig.2) . The amount of uncleaved 585 bp fragment observed at the various incubation times corresponds almost completely to unprocessed pre-mRNA since there is only a low level of radioactivity in the control lane in which the DNA was hybridized to tRNA. Two additional bands appear during the time course of incubation. The 295 bp fragment arising from cleavage at the 3' splice site of intron A is already visible after 1 hour, whereas the 74 bp fragment resulting from cleavage at the 3' splice site of intron B is only observed after the second hour of incubation. As it has been already shown that cleavage at the 3' splice site of an intron and exon ligation are coupled reactions, these results indicate that both introns are processed in this extract. Surprisingly, we do not detect any DNA fragments corresponding to the respective exon-lariat intermediates which should be visible in the S1 mapping assay. Although the kinetics of splicing of the first intron are faster than the second, this assay cannot distinguish between the processing of only one intron per pre-mRNA and the production of a fully spliced product. To resolve the rbcS pre-mRNA processing events in more detail we repeated the experiment with ^^P-labelled RNA. Total RNA processing products from various time points were analysed on a 6% polyacrylamide/8M urea gel (Fig.3) . After 6 hours of incubation approximately 40% of the pre-mRNA had been fully processed as indicated by the amount of radioactivity in the exoni-exon2-exon3 product. Another 40% migrate at the position of a pre-mRNA missing one of the introns. As the size of intron
strongly suggests that in the majority of the premRNAs, intron B is processed after intron A has been removed.
As several smaller fragments accumulate in the region between 70 -90 bp (Fig.3) , it is likely that they constitute an end product of the reaction, possibly representing the excised introns in the lariat form. Therefore part of the processed RNA was rerun on an 8% polyacrylamide/8M urea gel. All of these smaller fragments now migrate slower in the higher percentage gel as expected for branched RNAs. We therefore conclude that these are the lariat forms of intron A and B which are slowly degraded during the ijn vitro incubation. The same observation has been made for mammalian intron-lariats in this extract (not shown).
The various exon-lariat intermediates are only visible after longer exposures of the gel (Fig.3, upper right) indicating that they are present in very low amounts. This explains our inability to detect them in our S1 mapping assay. In fact all splicing intermediates are present in low yield when compared to the amount of end products. This together with the observation that approximately 80% of the pre-mRNA is processed under these conditions led us to conclude that splicing of the RNA sizing data and data from the S1 mapping assay suggested that the HeLa cell extract uses the normal 5 1 and 3 1 splice sites of the plant introns. However, there was still a possibility that some structural features of mammalian pre-mRNAs were missing on the plant pre-mRNA causing a incorrect excision of the introns. Therefore a 32 P-labelled 61 bp Rsal-Hindlll fragment from exon3 was used as primer for reverse transcription on rbcS pre-mRNA processed in the HeLa cell extract. The cDNAs were separated on a preparative gel and the fragment corresponding in size to the fully processed product was isolated and seguenced according to Maxam and Gilbert (27) . The sequence around the exon intron junction is in accordance to the cDNA sequence indicating that intron B has been precisely removed (Fig.4) . The fact that the concentrations of the intermediate splicing products of rbcS pre-mRNA are very low compared to other mammalian pre-mRNAs could mean that lariat formation is the rate limiting step. As this could depend on the nucleotide to which the branch was formed, it was of interest to identify the branched nucleotides and their distance from the 3' splice site and compare them to the proposed consensus sequences for branch points of animal RNAs.
Reverse transcriptase is known to be blocked by a branched nucleotide giving rise to a primer extension product of a definite length (6, 7, 8, 17, 18) . When a dideoxynucleotide sequence is run in parallel this assay has proven very valuable in identifying branched nucleotides on intermediate splicing products. Two primers a 30 bp HinfI-Sau3A fragment of exon2 and a 61 bp Rsa-Hindlll fragment of exon3 were isolated and labelled with 32 P at their 5 1 ends. Firstly, primer extension analysis was performed using the labelled primer homologous to sequences of exon3. Iji vitro processed RNAs isolated after various times of incubation were used as template for primer extension (Fig. 5A) . Part of the RNA from the 2 hour incubation was treated with a HeLa cell cytoplasmic extract which contains an enzymatic activity that debranches RNA lariats by specific cleavage of the 2'-5'phosphodiester bond (31) . Three bands indicated by a filled triangle are eliminated during the debranching reaction and give rise to an additional band of 159 nucleotides indicated on the right. This corresponds to a cDNA product extended to the 5 1 end of intron B. Correlating the three bands to the sequence, three adenosine residues at positions -21 , -26 and -29 from the 3 1 splice site of intron B are identified as branched nucleotides. The branched nucleotide of intron A is also indicated in the upper portion of the gel although no precise sequence correlation was possible in this case. The cDNA fragment of 377 nucleotides appearing after debranching of intron A corresponds to a cDNA product extended to the 5 1 splice site of intron A. The cDNA fragments 509 and 506 correspond to processed RNAs missing one of the two introns whereas band 423 constitutes the cDNA product of the totally processed rbcS RNA. The faint band at 288 has the size of a cDNA which could have been produced by an exon skipping event and is missing both introns and exon 2.
To map the branch point of intron A more precisely we used the labelled 30 bp HinfI-Sau3A primer of exon 2 for reverse transcription. To map the position of the RNA branch half of the RNA products of the splicing reaction were treated with debranching extract. After separation on a polyacrylamide gel Table 1 . Nucleotide sequences of intron/exon junctions and branch site sequences in the rbcS pre-mRNA of pea. consensus (15) consensus (7) GDGACAG GUUUCAU GUg-AGU.
• 
DISCUSSION
The results presented above demonstrate that introns of a plant pre-mRNA can be properly processed in a mammalian nuclear extract. Both introns of the rbcS pre-mRNA are efficiently removed yielding a faithfully ligated mRNA. This indicates that the sequences around the 5 1 and 3' splice sites of these plant introns are sufficiently similar to the ones in mammalian introns (12) for directing correct processing ( Table 1) . The efficiency and the kinetic parameters of the splicing reaction of rbcS pre-mRNA in the HeLa cell nuclear extract are very similar to those of various mammalian pre-mRNAs tested in this system (data not shown) suggesting a close relationship in the structural features of pre-mRNAs of both types.
A J _-,B, The results also indicate that splicing of the pea rbcS pre-mRNA mainly occurs in an ordered fashion. The various possible pathways of this reaction are depicted in figure 6 . The size of the arrows correspond to the frequency of usage. In the main pathway intron A is removed before intron B. The reverse case is also possible but at a very reduced rate. Exon skipping leading to the exoni -exon3 product is also observed in this in vitro processing assay. The frequency of this pathway is dependent on the nuclear extract used, but the yield is always lower than in the two other pathways.
Lariat formation constitutes the first step in splicing, but the precise structural and functional requirements for this reaction are still not established. We therefore determined the branched nucleotides in both introns of the rbcS pre mRNA by reverse transcription of the RNA processed i_n vitro. Reverse transcriptase stops at branched nucleotides, which can be debranched again after isolation of the RNA. In every case the branched nucleotide was an adenosine residue and was located within -21 to -29 nucleotides upstream from the 3' splice site, which is within the distance requirements found to be crucial for active lariat formation in animals. Although no strict consensus sequence could be identified around the branch point of several introns from higher eucaryotes, there is a preference for an adenosine residue as the branched nucleotide (17,18). Furthermore from computer analysis of many introns a provisional consensus sequence was proposed (15) . As shown in Table 1 , the identified branch point sequences correlate in two positions, the branched nucleotide and the nucleotide located two nucleotides upstream. Since no lji vitro processing system of plants is available, it is not clear, if branch point selection in plants follows the same pattern. This is particulary interesting in the light of the recent finding that yeast premRNAs processed in a HeLa cell extract select a different branch point as they would use in a homologous system (19) . However, our results show that these plant introns contain sequences which can be recognized by the splicing machinery of animals.
The results discussed above imply that there may be no general differences in RNA processing between animals and plants. This contrasts with our previous results obtained by introducing the human growth hormone gene (hGH) into tobacco and sunflower tissue. As the hGH gene was under transcriptional control of plant regulatory elements, pre-mRNA of the hGH was synthesized. But none of the four introns of the hGH pre-mRNA was processed in these plant tissues jji vivo. However, when hGH pre-mRNA was isolated from plant tissue, it could be processed in a HeLa cell nuclear extract in vitro, indicating that this pre-mRNA was capable of being spliced. There are at least two possible explanations for these contradictory observations: (i) There are differences in the splicing machinery of animals and plants, but the animal system is less stringent allowing processing of plant pre-RNAs. Like yeast, plant pre-mRNAs might require certain sequences within the introns which are not present in the introns of the hGH premRNA. Careful mutational analysis of plant introns should clarify if plant introns possess such specific internal sequences. However, the exact analysis of plant pre-mRNA processing relies on the establishment of a faithful jji vitro plant splicing system, (ii) There is no difference in pre-mRNA processing between plants and animals in general, but the hGH pre-mRNA needs additional specific factors for processing which are not present in plants. One way to teat this hypothesis would be to transfer several additional intron containing genes from animals into plants and study RNA processing. In addition, it is also necessary to gain more insight into the precise factor requirements for splicing of hGh pre-mRNA. Studies on this lines are currently underway.
